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Abstract
Transformer bushings are a common target for sniper attacks to cause power failure in large
areas. Given the size, internal pressure and brittle nature of transformer bushing, pellet
impact causes damage to surrounding components due to broken bushing pieces. To
mitigate this, a project was initiated by United States Burau of Reclaimation to develop a
safety mechanism. Finite Element Analysis is proposed to optimize and reduce cost of the
design.
A simplified Finite Element model is created which consists of 0.22 caliber lead pellet
impacting Pyrex 7740 borosilicate glass tube. Previous studies on the effect of the mesh
pattern, size and cap geometry were carried out. One of the biggest factors which can help
in mitigating the transformer component damage is internal pressure of bushing fluid. This
study focuses on developing a Finite Element model which captures the fluid-structure
interaction between glass tube and internal pressurized air. Arbitrary Lagrangian Eulerian
code of LS-DYNA is used to simulate this interaction.
This report describes the modelling techniques used to simulate the pellet impact on
pressurized tube. Failure strain calculations are also discussed in the report. The effect of
internal pressure and failure strain are addressed. Crack pattern and broken glass fragments
size are considered for a comparison between the pellet impact simulation and experiment.

vii

1 Introduction
Today, electricity has become an irreplaceable part of human lives. This electricity is
produced at different kinds of power plants including Hydroelectric, Nuclear, Thermal,
Wind, Solar. These power plants are situated away from the high population areas. This is
where the power grid comes into picture which transfers electricity generated at power
plant to various consumer locations.

Figure 1. Bushing mounted on oil filled transformer [1]
Transformers are key part of power grid where they boost the voltage from power plants
for transmission of electricity to hundreds of miles and then reduce the voltage to under
10,000 V when the electricity reaches substations. [2] Failure of these transformers can
lead to complete blackout to major part of population and can cost millions of dollars along
with months of repairs to get the power grid back up.
Such failure occurred on April 16th,2013 at Cayote, California, due to attack on substation
where a shooter shot 17 transformers and 6 circuit breakers causing 15.4 million dollars in
damage.[3] Bushings are used for protecting and guiding high voltage power lines. They
are mounted on top of the transformers and visible from long distance making them a
attractive target for such shooters.
United States Bureau of Reclamation oversees the water and hydroelectric power supply
in 17 western states. They have planned to build a safety mechanism to protect transformers
from events like shootings in California. Bushings are made of insulating material like
porcelain and have borosilicate sight glass on top. These bushings can be filled with oil or
air for cooling purpose. Under pellet impact, shattered porcelain or glass pieces can result
1

in failure of surrounding structures. Modifying the design of bushings can be effective to
avoid transformer failures under ballistic impact.
The goal of this project is to modify bushing design reduce large pieces of porcelain/glass
which can harm its surrounding transformer components. This can be achieved by using
material like laminated glass or by fragmentizing porcelain/glass into small particles by
manipulating inside air/oil pressure under pellet impact. Due to numerous combinations of
design modifications, finding a material or internal pressure using lab testing will lead to
huge cost. To minimize the cost, only few experimental tests were done using simple glass
tubes under various internal pressures. These are used to calibrate a Finite Element model
which can be further used to find most cost-effective design by changing the design
parameters such as geometry, material or inside pressure.

1.1 Scope
In this study, a finite element model of pressurized glass tube is created to simulate the
ballistic impact on transformer bushings. This study will explore the effect of internal
pressure on fragmentation of glass tube using Arbitrary Lagrangian Eulerian (ALE)
method. The FE model is built upon the work and suggestions by previous students who
worked on this project. [4,5]
Research has been conducted to implement ALE method in FE model to simulate
interaction between the internal pressurized fluid and glass tube. To simplify the model,
internal fluid is assumed as an ideal gas in the simulation. The end goal of this study to
capture the fluid-structure interaction during the impact event to match experimental
results. Calibration of the FE model is done based on two parameters: 1. Crack Pattern
2. Broken Glass Size.

1.2 Previous Work
Sandesh Gandhi [4] has laid the groundwork for the project. LS-Dyna solver has been used
for simulation. He studied the effect of mesh pattern, size and the failure strain in detail
with constant internal pressure (10 psi). He concluded the oval mesh pattern with a mesh
size of 0.25 mm matches better with experimental results. Also, a 3.5e-5 failure strain was
recommended after comparison with crack pattern found in experiments.
Taking the FE model further, Vijay Thanati [5] worked on gradient mesh sizes to reduce
the computational cost of simulation. Additionally, he studied the effect of glass tube cap
geometry and internal pressure on fragmentation of glass tube. By comparing results, an
estimated curve was selected to take pressure drop after impact in account. Broken glass
size was compared for calibration of FE model.
Details of previous FE models are discussed in next sections.

2

1.2.1 Pellet and Glass Tube Modelling

Figure 2. Pellet and glass tube modelling
A simple FE model was created by Sandesh Gandhi [4] to simulate ballistic impact on glass
tube. Figure 2 shows the enhanced image of projectile and the glass tube with oval pattern.
Several mesh patterns were explored, and it was found the oval mesh pattern simulates
better crack pattern closest to experiments. Table 1 and 2 shows the specifications of 0.22
caliber lead pellet and glass tube.
Table 1. Specifications of 0.22 caliber pellet
Diameter
5.5 mm
Mass

0.93 grams

Estimated slope of the tip

45 degrees

Cylindrical part height

3.37 mm

Material

Cast Lead

Table 2. Specifications of glass tube
Height
12 inches = 304.8 mm
Thickness

0.25 inch = 6.35 mm

Diameter

2 inch = 50.8 mm

Material

Pyrex 7740 borosilicate glass

3

The pellet is meshed with tetrahedral elements of 0.05 mm to 0.15 mm size. The glass tube
is meshed with 1st order fully integrated (Element formulation= 16) shell elements
including quad and tria elements. Vijay Thanati [5] studied the effect of mesh size and
concluded that the mesh size of minimum length of 0.1 at the center and then gradient mesh
of 0.4 mm to 1.6 mm at either side of glass tube is computationally economical and matches
well with experimental data. Figure 3 shows the recommended gradient mesh for glass
tube.

Figure 3. Recommended glass tube gradient mesh
To account for strain hardening and future scope for including strain rate effects in future
*MAT_PLASTIC_KINEMATIC is used. For glass tube, *MAT_LAMINATED_GLASS
along with *MAT_ADD_EROSION is used. *MAT_LAMINATED_GLASS is usually
used for layered glasses which have polymer layers. In material card, polymer layer
definition is turned off to simulate the borosilicate glass used in experiments. In future,
polymer layer definition can be turned on to find effect of laminated glass on bushing
failures. Table 3 and 4 shows the material properties of pellet and glass tube. See Appendix
A.1 for manufacturer’s specifications of glass tube material.
Table 3. Material properties of pellet
Density
11.34 g/cc
Young’s modulus

14 GPa

Poisson’s Ratio

0.42

Yield Stress

0.250 GPa

Tangent Modulus

0.9

Table 4. Material properties of glass tube
4

Composition
Density

81%, Na2O: 4%, K2O: 0.5%,
B2O3 : 13%, Al2O3 : 2%
2.23 g/cc

Young’s modulus

63 GPa

Poisson’s Ratio

0.20

Shear Modulus

26.1 GPa

Yield Stress

70 MPa (assumed)

1.2.2 Glass Failure Model
*MAT_ADD_EROSION is used to simulate the crack pattern in glass tube after pellet
impact. Maximum principal strain is used as a failure criterion i.e. when an element will
reach specified maximum principal strain, that element will be deleted form the analysis.
After studying the effect of failure strain on crack pattern, Sandesh Gandhi concluded that
the results comparison is better with 3.5e-5 failure strain.

1.3 Experimental Set-up
The United States Bureau of Reclamation conducted an experiment of ballistic impact with
0.22 caliber pellet on borosilicate glass tube to study the crack propagation event. The
simple borosilicate glass tube was chosen instead of an actual bushing to reduce the
complexity and cost of experiment assuming the effect of geometric changes is negligible
in crack propagation/pattern. Figure 4 shows the experimental test setup. In Figure 4,
enclosed glass tube is mounted at the bottom with a fixture to restrict its degrees of freedom
in all directions. An internal pressure on glass tube can be applied with a fixture to study
the effect of various pressure on fragmentation of glass under pellet impact. Experiment is
done for pressures ranging from 0 to 100 psi. A high-speed camera is mounted from side
to capture the crack pattern during the impact event.

Figure 4. Experimental setup – pressurized glass tube mounted on a fixture
5

A 0.22 caliber pellet shown in Figure 5 is fired into glass tube with the velocity of 1100
fps which is approximately 335.280 m/s. For each internal pressure, images were captured
throughout the impact event starting from the time pellet hits the tube till it leaves from the
other end. Figure 6 shows the images captured during impact event with pellet entering
from the right for 0 psi and 10 psi.

Figure 5. 0.22 caliber pellet used for impact in experiment

0 psi

100 psi
Figure 6. Images captured by high speed camera during crack propagation
Along with image capturing, USBR also collected 10 largest broken glass pieces for
different internal pressures. Table 5 shows the approximate maximum and average surface
area of found pieces for 0-100 psi internal pressures.
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Sr. No.
1

Table 5. Experimental test results
Internal Pressure
Average Surface Area
(psi)
(cm2)
0
18.303

Maximum Surface
Area (cm2)
55.892

2

10

16.089

41.762

3

30

13.766

26.900

4

50

14.009

24.734

5

65

9.167

18.280

6

75

10.014

14.960

7

100

7.751

15.959

From the captured images and broken glass samples following observations were made:
1. Crack pattern: Crack propagation pattern is in radial direction in the vicinity of
impact. It changes to vertical or horizontal direction as we go farther away from
impact location.
2. Glass size: At impact location where pellet enters and leaves the glass tube, glass
pulverizes instantly. As we go farther away from impact location, broken glass size
increases.
3. Effect of internal pressure: From images and the surface areas calculated, it’s clear
that as internal pressure increase, the size of broken glass decreases.
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2 Finite Element Model Setup
Finite element model used in this project is built on the recommendations and conclusions
of previous work. In previous studies, to simulate the internal pressure on glass tube, nodal
pressure was used. The pressure was kept either constant or was estimated after the pellet
impact. The drawback of this method was the pressure drop after pellet impact was not
captured accurately. This study utilizes ALE finite element code developed by LS-Dyna to
simulate the fluid structure interaction between pressurized internal air and glass tube. Type
of elements, mesh pattern and size were modified to make the finite model compatible with
the ALE method. Hypermesh v14.0 to set-up finite element model and Kg, mm, ms unit
system is used for the same.
Important details of simulation setup have been explained further in this section.

2.1 Arbitrary Lagrangian Eulerian Technique
An important factor in developing the counter measure of bushing failure is the effect of
internal pressure. To get accurate results, it is vital to capture the pressure drop after the
pellet impact. Pellet impact involves the sudden flow of pressurized air after glass tube is
broken. The material motion can be defined using two methods in fluid or structural
dynamics: Lagrangian and Eulerian
In the Lagrangian method, mesh or nodes are fixed in space; when material deforms, nodes
deform with material. If a Lagrangian mesh is used to simulate a fluid, elements will go
through large deformations which introduces numerical inaccuracies in results. Also, these
large deformations can result in extremely small time step which increases computational
time exponential and can lead to numerical instability during analysis. Due to these reasons,
the Lagrangian method is usually used in structural analysis than fluid flow.
In Eulerian method, mesh or nodes are fixed in space but material can flow freely within
mesh. The Eulerian method uses Navier-Stokes equations for analysis which are
computationally expensive and more complicated than lagrangian method.
To take an advantage of these two methods, a hybrid numerical algorithm was developed
called Arbitrary Lagrangian Eulerian. Arbitrary Lagrangian Eulerian algorithm involves
material deformation as in Lagrangian method and remapping/ advection of Lagrangian
elements back to moving Eulerian mesh i.e. in this method, mesh or nodes can move
arbitrarily in space and material will flow freely through the moving mesh. This allows
large mesh deformation while keeping the quality of mesh intact.
Suitable material models and equation of states are available in ALE for modelling
pressurized fluid. Furthermore, coupling and advection algorithms are provided in this
finite element code to calculate accurate results. Pressure of each element is calculated at
every time step based on the equation of state defined for model.

8

2.2 Boundary Conditions
Figure 7 shows Finite Element Model which best models the experimental test setup with
glass tube with pressurized air inside. The enclosing fixed plate at the bottom is modelled
as a rigid body which represents to mounting of the tube in experiment. *MAT_RIGID
material is assigned to fixed plate component and all degrees of freedom are constrained.
Initial velocity of 1100 fps (approximately 335.280 m/s) is applied to pellet using
*INITIAL_VELOCITY_GENERATION. To ensure that the pellet doesn’t hit the glass
tube until the specified pressure is applied on glass, initial velocity is applied 0.5 ms after
the start of simulation. This time is decided after few trial simulations and is implemented
using *INITIAL_VELOCITY_GENERATION_START_TIME.

Figure 7. Simulation setup

2.3 Meshing:
Table 6 shows the type of elements used for all components of setup.
Sr. No.

Table 6. Type of elements used in simulation
Component
Element Type
Element Formulation

1

Glass Tube

Shell

ELFORM = 16

2

Pressurized Air

Hexahedral

ELFORM = 11

3

Pellet

Tetrahedral

ELFORM = 1

4

Bottom Fixed Plate

Shell

ELFORM = 16
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Initially, glass tube was meshed as per the recommendation of Vijay Thanati [5] with oval
mesh pattern at both sides of glass tube with x4 variant gradient mesh. At point of impact,
0.1 mm size mesh is used and 0.4 mm to 1.6 mm variation is used as we go farther away
from impact origin. Hexahedral mesh for pressurized air component is created with similar
gradient mesh as glass tube. Computational cost required for recommended x4 gradient
mesh was around 200-250 hours.
To reduce the computational cost, number of iterations were carried out for different
gradient mesh size. Trade-off between quality of results and mesh size was found for a
gradient mesh varying from 0.2 mm at impact position to 1.6 mm farther away from center
of impact was selected. Figure 8 shows the selected mesh pattern and size.

Figure 8. Mesh pattern and size

2.4 Equation of State
Equation of state (EOS) is a thermodynamic equation which defines the relationship
between the variables such as pressure, volume, temperature, internal energies given that
the matter does not undergo any chemical reaction or phase change. [6]
In this study, EOS (*EOS_LINEAR_POLYNOMIAL) is used to model the pressurized air
and defines the relationship between pressure, volume and internal energy of air.
*EOS_LINEAR_POLYNOMIAL is used to define coefficients of linear polynomial EOS,
E0 and V0 to initialize thermodynamic state of material. See Appendix A.2.1 for the LSDyna EOS card image assigned to pressurized air.
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Pressure is defined as following polynomial equation which is linear in terms of internal
energy:

𝑃 = 𝐶0 + 𝐶1 𝜇 + 𝐶2 𝜇2 + 𝐶3 𝜇3 + (𝐶4 + 𝐶5 𝜇 + 𝐶6 𝜇2 )𝐸
…Equation (1)
with, 𝜇 =

𝜌
𝜌0

−1

Where,
P= Pressure, GPa
E= Internal energy per unit reference volume, GPa
C0, C1, C2, C3, C4, C5, and C6 are the polynomial constants of equation of state.
𝜌= current density, kg/mm3
𝜌0 = reference density defined in *MAT_NULL, kg/mm3
For simplification of our simulation, ideal gas modelling is considered. Ideal gas is
modelled by setting C0=C1=C2=C3=C6= 0 and C4=C5= 𝛾 − 1
𝛾 is ratio of specific heat/adiabatic index = 1.4 for low temperature range gases.
Therefore, for ideal gas, pressure can be defined as,

𝑝 = (𝛾 − 1)

𝜌
𝐸
𝜌0

Relative Volume, Vr is defined as ratio of current density to reference density. Initial
relative volume V0 can be given as 𝜌⁄𝜌0 at t =0 ms. For t=0, the density is equal to
reference density. Therefore, V0 can be set as 1 in EOS.
Internal energy per unit initial relative volume can be defined as:

𝐸0 =

𝑝0
𝛾−1

E0 is the initial internal energy per unit reference volume, GPa
V0 is initial relative volume.

𝑝0 is initial pressure, GPa
For example, for initial pressure of 50 psi (345e-6 GPa) E0 can be given as,
𝐸0 =

345 × 10−6
(1.4 − 1)
11

= 8.625e-4 GPa
In current study, E0 is calculated for three initial internal pressures of 50 psi (345e-6 GPa),
65 psi (448e-6 GPa) and 100 psi (690e-6 GPa).

2.5 Contact modelling
In the FE model, there are two types of interactions defined. First one being contact
between pellet and glass tube (Structure to Structure). Similar contact as used by Sandesh
Gandhi [4], *Contact_Automatic_Surface_To_Surface is used with SOFT=2 parameter.
Second interaction defined in FE model is in between pressurized air and glass tube (Fluid
to Structure) which is discussed in detail in further sections.
2.5.1 Pressurized Fluid Motion
*ALE_REFERENCE_SYSTEM_GROUP is assigned to pressurized air to define the
motion of pressurized air throughout the simulation. This card is used to associate any part
or mesh to reference system type. In simple words, it prescribes how certain mesh can
translate, rotate, expand, contract or be fixed in space. See Appendix A.2.2 for the card
image of *ALE_REFERENCE_SYSTEM_GROUP used in Finite Element model.
PRTYPE in card defines the reference system type. This model uses PRTYPE 4 which
allows automatic mesh motion following mass weighted average velocity of ALE mesh.
BCTRAN, BCEXP and BCROT defines translational, expansion and rotational constraints
respectively. In current study, we only want the pressurized air to expand after crack
propagation. Therefore, all X, Y and Z translational and rotational degrees of freedom are
constrained for ALE mesh and is only allowed to expand. ICR defines the center point of
expansion or contraction for ALE mesh. ICR =0 is set to make center of gravity of ALE
mesh as an expansion or contraction center.
2.5.2 Coupling/ Interaction between Pressurized air and Glass tube
Figure 9 shows how coupling/ interaction between ALE and Lagrangian mesh takes place.
Code searches for the penetration between Lagrangian mesh (glass tube) and ALE mesh
(Pressurized air). Once it finds the penetration, it detects the NQUAD i.e. coupling points
between ALE elements and Lagrangian elements. It tracks the independent motion of two
materials over next time step dt and penetration distance is calculated. Then coupling force
proportional to penetration distance is exerted on both the meshes. At each time step this
cycle repeats which simulates fluid structure interaction.

12

Figure 9. Standard penalty-based coupling
In order to define interaction between the pressurized air and the glass tube, coupling
parameters must be defined. *Constrained_Lagrange_In_Solid is used to model this
coupling between lagrangian mesh (glass tube) and ALE mesh (pressurized air). This card
provides coupling mechanism to define fluid structure interaction. See Appendix A.2.3 for
LS-Dyna card image of *Constrained_Lagrange_In_Solid used in FE model. Parameters
used in *Constrained_Lagrange_In_Solid card are explained further.
SLAVE – Lagrangian mesh i.e. glass tube
MASTER – ALE mesh i.e. pressurized air
NQUAD – Number of coupling points distributed over each coupled Lagrangian surface
segment. NQUAD depends on the relative mesh size of the interacting ALE and lagrangian
elements. The change in coupling points after expansion must be taken in account and is
recommended to have minimum NUAD=2. If NQUAD is too few, then it can result in
leaking while too many NQUAD can lead to instability. After calibrating the contact
parameters, for current model NQUAD =4 gives most reliable results.
CTYPE – This parameter defines Fluid structure coupling method. As we have eroding
shell elements present in FE model, EQ.4 which uses penalty coupling is selected.
DIREC – Defines the coupling direction. EQ. 1 us selected which considers normal
direction for coupling under both compression and tension.
PFAC – Penalty factor. For hard structures and very compressible fluid like air, 0.1 PFAC
is recommended by LS-Dyna solver.
FRIC – Coefficient of friction. It is kept as zero as frictionless contact allows maximum
energy transfer.
NORM – This contact detects fluid only in one direction. This parameter defines which
side of the shell segment will be considered for coupling with fluid. Therefore, it is
important to align all shell normals in one direction. In given model, shell normals are
13

directed towards the ALE mesh. Therefore EQ. 0 is used which utilizes fluid on head side
of Lagrangian segment normal for coupling. Figure 10 shows the how fluid and shell will
interact for EQ. 0.

Figure 10. Required shell normal for fluid detection by code
IPENCHECK – Flag for initial penetration flag. This flag is turned off as Pressurized air
mesh is model so that there is no initial penetration with glass tube.
INTFORCE – This flag enables or disables output of ALE coupling pressure and forces on
slave Lagrangian surface. *DATABASE_BINARY_FSIFOR card is created when
INTFORCE is selected as 1. This card defines the time interval between outputs.
All other parameters are taken as default.
*DATABASE_FSI keyword is defined to debug and fine tune the parameters mentioned
above. This card controls the “dbfsi” which consists of coupling and leakage forces.

2.6 Failure strain calculation
Theoretical cohesive strength estimated from potential energy curve can be given by [7],

𝜎𝑐 = √

𝐸𝛾
𝑎0

… 𝐸𝑞. (1)

Where,
E = Modulus of Elasticity, GPa
𝛾 = Surface Energy, J/m2
a0 = Equilibrium atomic separation, mm
In 1913, Inglis showed that applied stress 𝜎𝑎 is amplified at the ends of the major axis of
the ellipse by studying plate containing elliptical hole, [7]
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𝜎max = 𝜎𝑎 (1 +

2𝑎
)
𝑏

… 𝐸𝑞. (2)

where,
𝜎max = Maximum stress at the end of major axis, GPa
𝜎𝑎 = Applied stress normal to major axis, GPa
a = Half major axis, mm
b = Half minor axis, mm

Figure 11. Stress applied to infinite plate with elliptical hole
Radius of curvature at end of the ellipse can be given as,

𝑏2
𝜌=
𝑎

… 𝐸𝑞. (3)

From Eq.(2) and Eq.(3),

𝑎
𝜎max = 𝜎𝑎 (1 + 2√ )
𝜌
For most cases, a >> 𝜌 , therefore,
15

𝑎
𝜎max ≈ 2𝜎𝑎 (√ )
𝜌

… . 𝐸𝑞. (4)

Also, 𝜌 ≈ 𝑎0 . With this approximation, Eq. (4) becomes,

𝜎max ≈ 2𝜎𝑎 (√

𝑎
)
𝑎0

… . 𝐸𝑞. (5)

As shown in Figure 12. Assumption of elliptical flaw as crack., an elliptical flaw in a
limit can be assumed as a crack.

Figure 12. Assumption of elliptical flaw as crack
Fracture strength, 𝜎𝑓

= 𝜎𝑎[𝑎𝑡 𝑓𝑎𝑖𝑙𝑢𝑟𝑒]

With above assumption, we can calculate the fracture strength by equating Eq. (1) and
Eq. (5),

𝜎𝑐 = 𝜎max
√

𝐸𝛾
𝑎
= 2𝜎𝑓 √
𝑎0
𝑎0

𝐸𝛾
𝜎𝑓 = 0.5√
𝑎

… 𝐸𝑞. (6)

Where, a = half width flaw size in mm.
3-point bending experiments were carried out on grounded borosilicate glass bars to
estimate flaw size and fracture energy by Mecholsky J. J., Rice R. W. and Freiman S. W.
[8]. Following values of flaw size and fracture energy measured in the article [8] is used
to calculate the fracture strength in current study: a = 0.08 mm and 𝛾 = 4 J/m2

16

After substituting the values of flaw size, fracture energy and elastic modulus, we get
fracture strength,

𝜎𝑓 = 0.028 𝐺𝑃𝑎
As Stress- Strain diagram for glass is linear, we can calculate strain at failure from
Hooke’s law,

𝜀𝑓 =

𝜎𝑓
= 0.000445
𝐸
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3 Challenges and Limitations
3.1 *Constrained_Lagrange_in_Solid contact parameter
calibration
Constrained Lagrange in Solid (CLiS) contact uses either standard penalty-based algorithm
or segment-based penalty method. In standard penalty-based contact, ALE nodes are
coupled to Lagrange segments while in segment-based contact ALE segments are coupled
to Lagrange segments. As discussed in previous section, standard penalty-based algorithm
is used for fluid structure interaction. Depending on the penetration distance and location
of penetration, springs are created at coupling points. Parameters defined in CLiS card
decides the spring stiffness and in turn the spring force applied between fluid and structure.
If coupling spring stiffness is low then there will be leakage and if the spring is too stiff,
there can be instability in simulation. Few trial simulations were carried out to understand
the effect of each parameter on the Fluid-Structure Interaction with coarse mesh. Average
pressure and leakage forces were studied for these simulations to understand if there is any
leakage or stiff contact.

3.2 Meshing
In the finite model, both crack propagation and fluid-structure interaction are sensitive to
mesh size and pattern. For results closer to experimental data, the first model was built as
per the recommendations of previous students [4,5]. Following modifications were done to
accommodate the ALE technique:
1. ALE algorithm is highly expensive as compared to Lagrangian method due to
additional computational cost for advection, coupling force calculation and
interface reconstruction. Additional solid elements used for ALE modelling
contributes to this cost too. To reduce computational time, minimum mesh size was
changed from 0.1 mm to 0.2 mm and varying mesh with factor of 2 is used for glass
tube.
2. Ratio of Lagrange segment and ALE segment affects the number of coupling points
between fluid and structure. ALE part is meshed with similar gradient as glass tube
to keep this ratio closer to 1:1. Although, for 1:1 ratio NQUAD=2 is recommended,
for current FE model leakage was noticed. This might be due to the difference in
mesh pattern of glass tube and pressurized air ALE mesh. From trial simulations, it
was found that NQUAD (Number of coupling points) =4 gives expected results.
3. It is recommended to use ELFORM=11 in *SOLID_SECTION for ALE mesh.
Therefore, simulations were carried out with Hexahedral and Tetrahedral Elements.
Although, Tetrahedral elements allows meshing of complex parts, it led to
numerical instability during simulation. Hence, Hexahedral elements were selected
for ALE mesh for final FE model.
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4. For fluid-structure interaction between pressurized air and glass tube it was
necessary to model an enclosed volume for ALE mesh. To accommodate this
requirement, an enclosing fixed plate was modelled at the bottom of the tube instead
of using Single point constraints at lower surface of glass tube.

3.3 Size of output files
Due to combination of element erosion and ALE method in FE model, output files created
for each simulation are in order of 60-80 GBs. As we need number of simulations to study
the effect of strain values and internal pressure, it becomes difficult to store and manage so
many huge output files. As we are specifically interested in the results near the crack event,
output file frequency is increased from 0.5 ms to 0.8 ms and decreased for remaining part
of the simulation. This way we have dense data only for the time period of focus. For this
purpose, LCDT curve is defined in *DATABASE_BINARY to control the time interval
between d3plot file creation. Figure 13. Load curve defining d3plot output intervalshows
used load curve.

Figure 13. Load curve defining d3plot output interval

3.4 Internal Pressures
ALE compressible flow solver algorithm in LS-DYNA has been developed with the intent
of short duration problems with high pressure and velocity gradients. The solver is not
suitable for low pressure gradients or long duration simulations. Initially, simulations were
carried out for 10, 50, 65 and 100 psi internal pressures to have results over wider pressure
variations. For 10 psi internal pressure, simulation ran into numerical instability and was
unable to completely solve the analysis. Therefore, only 50, 65 and 100 psi internal
pressures are considered for this project.

19

4 Results and Correlation
In this study, the implementation of ALE is verified by comparing crack pattern and broken
glass size with experiments. Results for recommended failure strain and calculated strain
along with different internal pressures are discussed.

4.1 Comparison of Results for 3.5e-5 and 4.45e-4 Failure Strain
In previous study carried out by Sandesh Gandhi, failure strain of 3.5e-5 was calibrated by
correlating crack pattern found in experiments and simulation. As recommended, initially
3.5e-5 failure strain value is used to carry out simulation with internal pressure of 50 psi.
But as shown in Figure 14, glass shatters completely within 0.1 ms. More than 90% of
glass elements have been eroded at 0.1 ms itself. Figure 14 shows, remaining shattered
elements. This is even before the 50 psi internal pressure is reached. This behavior wasn’t
present when Vijay Thanati carried out simulation to study effect of internal pressure. This
difference can be because the method of pressure application used before. Before, the
pressure drop after crack propagation was estimated. In current study, we have modelled
pressurized fluid itself to simulate fluid-structure interaction.
Based on the simulation results seen in Figure 14, it was observed that higher failure strain
is needed to get closer to experimental results. Therefore, new failure strain is calculated
explained in section 2.6. Results found with new calculated failure strain i.e. 4.45e-4 have
better correlation with experiments explained later in report.

Figure 14. Glass tube shattering at t= 0.01 ms for 3.5e-5 failure strain
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4.2 Verification of Results
It is important to check if the calculated results are correct and can be relied upon. This can
be verified by ensuring that the specified internal pressure is achieved and observing the
pressure drop curve throughout the simulation. The fluid-structure interaction is checked
using *DATABASE_FSI card which creates a dbfsi output file containing average pressure
on Lagrangian surface and leakage forces. This file is used to verify if the input pressure is
applied while simulation and if coupling between pressurized air and glass tube working
accurately.

Figure 15. Average pressure Vs time output from dbfsi file
Figure 15 shows average pressure applied on Lagrangian surface for 50 psi, 65 psi and 100
psi internal pressures obtained from dbfsi file. It is observed that the average pressure
experienced by Lagrangian surface is approximately equal to input internal pressure. Pellet
initial velocity is activated at 0.5 ms and pellet impacts the glass tube for the first time
within few microseconds. The pressure curve seen verifies this scenario, where pressure
drops right after 0.5 ms as pressurized fluid continues to flow out of tube. This is the
expected behavior and therefore we can say the fluid-structure interaction is working. X,
Y, Z leakage forces are checked for the simulations. It is made sure that the leakage forces
are zero.

4.3 Correlation with Experimental Data
Two parameters are selected to compare the simulations with experimental results, Crack
pattern and broken glass size. Figure 16 shows the stills of pellet impact experiment. From
stills it is apparent that the glass size at either ends of glass tube reduces as internal pressure
goes up. A similar trend is observed in simulations as shown in Figures 17.
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After careful visual inspection, the crack pattern observed in simulations for 50, 65 and
100 psi internal pressures match reasonably good with stills captured with high speed
camera in experiments.

Figure 166. Stills from pellet impact experiment for 50, 65 and 100 psi internal pressure

Figure 17. Crack pattern after pellet impact for 50, 65 and 100 psi internal pressure
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After experiments, USBR collected the 10 largest broken glass samples. Maximum and
average broken glass size was estimated from these samples. Similarly, surface area of
largest 5 glass pieces was measured in Hypermesh. Table 7 compares the experimental and
simulation results found. As seen in Table 7, average and maximum surface area of broken
glass pieces calculated in simulation are fairly close to estimated value in experiments.
Table 7. Comparison of broken glass size between simulation and experiment
Surface Area of Largest
Simulation (cm2)
Experiment (cm2)
Pressure
5 Glass Pieces in FEA
(PSI)
Average Maximum Average Maximum
(cm2)
26.46
21.02
50
16.45
18.6
26.46
14.01
24.73
14.55
14.52
18.8
18.61
65
17.86
17.256
18.8
9.167
18.28
15.64
15.37
14.3
13.17
100
11.25
11.762
14.3
7.75
15.96
11.25
8.84
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5 Conclusion
A FE model is developed using the ALE method for simulating pellet impact on a
pressurized glass tube in LS-DYNA and validated using experimental test data. This study
showed that the ALE technique in LS-DYNA provides reasonable results for fluidstructure interaction. It is observed that the current simulation captures crack propagation
and pressure drop after impact reasonably well. Comparison with experimental data is done
with respect to crack pattern, average and maximum glass size. Fairly good comparison is
found between simulation and experimental results.
The effect of various internal pressure and failure strain values was studied. It was observed
that for calculated failure strain value i.e. 4.45 e-5, results correlate reasonably. Results for
50, 65 and 100 psi are considered for comparison. It is apparent that the glass size reduces
significantly with increased internal pressure.
FE modelling technique is explained in detail along with numerical and theoretical
background. The FE model can be utilized to study different material models to devise a
countermeasure for bushing failures. In future studies, Geometric/material modifications
can be done in existing model or simpler FE model with pressure results mapped to
nodes/elements.
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6 Recommendations
This study focuses towards the implementation of ALE to improve correlation between
simulation and experimental results. There is still scope of improvements which can
improve the results achieved through simulation.
•

Although, we have developed the technique for fluid-structure interaction for our
problem statement, the computational cost associated with this implementation is
high too as compared to previous FE models. For further study, the pressure drop
curve calculated for 50, 65 and 100 psi internal pressure can be mapped as a
boundary condition. This will reduce the computational time while keeping the
accuracy of result reasonably good in terms of crack pattern and glass size.

•

In current model, ideal gas is assumed for simplification of problem. Taking this
model further, it is recommended to use the material properties like viscosity and
density of fluid used in bushings while developing the countermeasure.

•

Current crack propagation method is highly dependent on mesh size and pattern.
Other techniques with relatively less dependency on mesh can be explored to
simulate the crack.
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Appendix

A.1

Properties of Borosilicate Glass
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A.2

LS-Dyna Card Images

A.2.1

Equation of state card image

A.2.2

ALE Reference System Group card image
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A.2.3

Constrained Lagrange in Solid Contact card image
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